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Abstract 
The absorption and fluorescence spectra of zinc phthalocyanine and its 
two derivatives dissolved in DMF were recorded using Fourier transform 
(FT) spectroscopy. The fluorescence quantum yields and lifetimes of these 
compounds in DMF solution have been estimated using Strickier-Berg 
relation together w i th the comparative method. Direct measurements of 
natural lifetimes by step-scan time-resolved FT spectroscopy have been 
attempted. Due to the insufficient time-resolution afforded by the present 
apparatus, the results only set an upper l imit of the lifetime at about 10 ns for 
these compounds. By analyzing the resulting spectra, the practical 
instrument-limited time resolution of the spectrometer has been estimated. 
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Chapter 1 Introduction 
Metallophthalocyanines, a group of synthetic organometallic pigments, 
have been extensively studied over the past decade due to their unique 
properties.^ Remarkable progress has been made in the application of these 
compounds in many areas, especially as photosensitisers for photodynamic 
therapy (PDT).^-^ In photodynamic therapy a photosensitiser is first 
introduced into the organism and highly reactive singlet oxygen (^ Ag) is 
produced upon light absorption. The singlet oxygen generated oxidizes l ipid 
and protein molecules in tissues, leading to the death of cells. The use of PDT 
for inactivation of several types of cancer cells has been widely studied.® The 
first step of producing electronic excited A^g oxygen involves the 
photo-excitation of the photosensitizer molecules to the singlet excited state, 
followed by intersystem crossing to the triplet excited state. The triplet 
photosensitizer molecules interact w i th the ground state of oxygen to 
undergo energy transfer resulting the excited singlet o x y g e n . 2 ' 9 As expected 
from the mechanisms discussed above, efficient photosensitisers are 
molecules w i th high triplet state quantum yields and long triplet lifetimes to 
guarantee effective generation of singlet oxygen. In addition it is desirable to 
have the photosensitizers absorbed in the red and deep red region so that 
optimal penetration by light can be achieved because of the weak absorption 
by tissue. 
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Metallophthalocyanines have proved to be among the most promising 
photosensitisers due to their intense absorption in the red region of visible 
light. Their triplet quantum yields and lifetimes, however, strongly depend 
on the nature of central metal ion, substituents on the rings/。as well as 
solvent involved. In general, metallophthalocyanine compounds containing 
diamagnetic metals is more favorable than those containing paramagnetic 
metals as the latter are expected to have short triplet lifetime due to stronger 
magnetic interactions w i th surroundings. Zinc phthalocyanine, as well as its 
derivatives, are among the most potential photosensitisers for photodynamic 
therapy." 
The photophysical and photochemical properties of Zinc phthalocyanine 
and several derivatives in solutions have been studied by several groups 
during the past decade.5-口 As expected, the photo-related properties are not 
only highly dependent on structure, but also greatly influenced by solvents 
due to the interaction between solute and solvent molecules. Study of 
photophysical properties such as fluorescence and phosphorescence spectra, 
quantum yields and lifetimes is essential in uncovering the potential of these 
compounds as photosensitisers for photodynamic therapy. 
Dur ing the past year, experiments using Fourier-transform spectroscopy 
(FTS) to study the photophysical properties of Zinc phthalocyanine (ZnPc) 
and derivatives have been designed and carried out. Three compounds of 
ZnPc and derivatives used in this work were synthesized by the group of 
8 
Professor D. K. P. Ng. The effect of the chromophore structure on the 
fluorescence spectrum and fluorescence quantum yields were studied. In 
addition, attempts at determining the natural lifetime of fluorescence using 
time-resolved FTS was pursued. Due to the instrumental limitation, the 
results only set an upper bound for the fluorescence lifetimes. In this thesis, 
the details of this work w i l l be presented w i th some suggestions for future 
experimental improvements. 
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Chapter 2 Fourier Transform Spectroscopy 
A. The Michelson Interferometer and the Interferogram 
Invented more than one hundred years ago, the Michelson 
interferometer is the most important component in a Fourier Transform 
Infrared (FTIR) spectrometer. The simplest two-beam Michelson 
interferometer consists of three essential elements^^-^^: a fixed mirror, a 
beamsplitter and a movable mirror, as illustrated in Fig. l . Between the two 
mutual ly perpendicular mirrors is the beamsplitter, which transmits 50% of 
the l ight to the movable mirror and reflects the other 50% to the fixed mirror. 
The two beams are then reflected back by the mirrors, recombine on the 
other side of the beamsplitter, possibly pass through a sample, and are 
finally focused on a detector. The optical path difference (〇PD) 8 between 
the two beams changes as the movable mirror moves back and forth along 
the axis so that the two combined beams interfere constructively or 
destructively. In other words, the signal intensity f inally registered at the 
detector is a function of OPD. The plot of signal intensity I{d) versus OPD 
5 is known as the interferogram.20'21 
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Fig.l Schematic of the Michelson interferometer, S=source, 
BMS=beamsplitter, M,=fixed mirror, M2 =movable mirror, D=detector 
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B. The Link between the Interferogram and the Spectrum: 
the Fourier Transform 
In most cases, it is easier to deal w i th the spectra rather than 
interferograms. To clarify the relation between them, a brief derivation is 
carried out. If the incident beam is produced by an ideal monochromatic 
source of wavenumber v and intensity /(v), then the intensity registered at 
the detector is then given by2o 
I(S) = 0.5/(v)[l + cos(27r;)] (1 工） 
=0.5/(y) + 0.5/(v) cos(2;rv^) • 
The first part of /(S) is a constant, which is a tr ivial term in spectroscopic 
measurements. Thus the interferogram from a monochromatic source 
measured by an ideal interferometer is given by 
/ (S ) = 0.5I{V)COS{27IV5) (1.2) 
In actual measurements, the interferogram is also influenced by 
wavenumber-dependent factors such as beamsplitter efficiency, detector 
response and amplifier characteristics, which add another correction factor 
H{y) to the expression above, to give 
I{d) = 0 . 5 / / ( v ) / ( v ) COS{27I:V5) 
~ ~ (1.3) 
=B{V)COS{27I:VS) 
The factor B{v) gives the intensity modified by the instrumental 
characteristics. 
In the case of polychromatic sources, especially when the source emits 
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light of continuous wavelengths, the interferogram can be represented by the 
integral 




This equation is mathematically known as the cosine Fourier transform, 
which links the interferogram and the spectrum. The other half of the 
transform is given by 




C. Resolution, Apodization and Spectral Folding 
The integral (1.5) indicates that I(S) is known for every infinitesimal 
increment of 〇PD S from 0 to +oo. In practice, however, the OPD S is 
always truncated at a maximum value S^ ^^  which restricts the spectral 
resolution achievable.i9'2o 
Mathematically, by restricting the integral region from infinity to a finite 
value / we effectively multiply I{S) by a boxcar truncation function 
l o 綱 〉 U 、 ) 
the spectrum obtained is thus given by 
G{v)= f ° / ⑷ D ⑷ cos(2;n^印 5 (1.7) 
J - 0 0 
The convolution theorem states that the Fourier transform of the product of 
two functions equals the convolution of the Fourier transforms of the 
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functions and vice versa. The Fourier transform of the boxcar function is 
2 冗;〜ax (1.8) 
=2《磁 謹 ) 
The plot of this function is shown in Fig.2, where《職=2 c m has been 
supposed. 
Especially, in the case of monochromatic source wi th wavenumber vi , 
the spectrum of the source is given by 
B{v) = \ V ？ (1.9) 




which is the spectrum obtained by the spectrometer and is shown in Fig.3. 
~ ~ ~ yi 
This curve intersects the v axis at i/ = vi 士 . The main peak centered at 
2S max 
V = v\ intersects the v axis at v = vi 土 - ~ . It means that two lines 
separated by 
A “ + (1.11) 
can be completely resolved. In other words, due to the finite instead of 
infinite distance the movable mirror travels, the resolution of an FTIR 






。 - 、 八 , 、 , 、 / 、 八 / \ / \ 八 . 八 / \ / V 、 八 八 . , 〜 〜 〜 V ( c m - i ) 
一4 - 2 ^ \ ； y ^ 2 4 





1 : I 
u 「 。 〜 〜 〜 〜 , 、 2八〜〜〜、 / \ /飞 2 | | \ 八 八 ( " 、 八 ' ( c m - i ) 
Fig.3 The plot of G{v) w i t h《聰= 2 c m = IcmT^ and B(y\) = 1 
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The finite 〇PD also brings oscillating lobes on both wings of the true 
spectral lines. A series of functions are usually used to weight the 
interferograms so that the side lobes in the ultimate spectra could be 
suppressed and the signal-to-noise ratio is improved. These weighing 
functions are known as apodization functions.^® However, apodization 
functions inevitably broaden the spectral lines and thus decrease the 
resolution. 
The finite sampling interval AS leads to another problem known as 
spectral folding^^. Due to the digitization of the S axis of the interferogram, 
the integral (1.7) becomes a discrete series 
m^as—l 
AS ~ 
G\v) = 2 Y^ 句D07.A(^)cos(2;rv77.A(J).A5 (1.12) 
M=0 
effectively we mult iply the integrand in (1.7) by a "comb function" of 
spacing 
C(S) = \ "二 0，±1，±2 … （1.13) 
so that (1.12) may be rewritten as 
G\v)= r'"'"^ I(S)DiS)C(S)cosi27rvS)dS (1.14) 
it can be shown that this additional factor C{S) results in replication of the 
spectrum wi th a period . This phenomenon is known as spectral folding. 
In an FTIR experiment if the number of points in a given interferogram is 
reduced by a certain integral fraction, the allowed range must be divided by 
the same integer to guarantee that no spectral folding wi l l occur.i9'2i j^i 
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practice, it is advantageous to apply this skill, since the number of points can 
be greatly reduced. It is desirable to remove unwanted frequency signals of 
the interferogram by filters wi th a sharp cutoff at the folding limits so that 
intensities are not registered in wrong spectral ranges. 
D. Advantages and Disadvantages of FTIR Spectroscopy 
FTIR spectroscopy offers potential advantages compared wi th 
conventional infrared spectroscopy wi th grating monochromators or other 
dispersive instruments. For a dispersive spectrometer, only one resolution 
element of the spectrum including a narrow range of frequencies can be 
examined at a time and the spectral information of other frequency bands 
are wasted. In an FTIR spectrometer, however, l ight of all frequencies is 
detected concurrently. This is known as the multiplex advantage or Fellgett's 
advantage.19'22 Unlike dispersive spectrometers, FTIR spectrometers have no 
narrow entrance slits and a theoretical throughput advantage is obtained. 
This is known as the throughput advantage or Jacquinot's advantage. What's 
more, an FTIR spectrometer determines frequencies by direct comparison 
wi th a visible laser output, and thus leads to an improvement in frequency 
accuracy. This is the laser reference advantage or Connes advantage. 
The negative aspects of FTIR spectroscopy includes resolution l imitation 
introduced by the truncation of spectrum, spectral folding, as stated in the 
previous section, digital noise, mechanical vibration and so on. In visible and 
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ultraviolet spectroscopy, because conventional dispersive instruments can 
achieve results of very high quality, FTIR is of benefit in only a few 
circumstances.^® 
E. Time-resolved FTIR Spectroscopy 
FTIR spectrometers can be used to detect time-dependent phenomena by 
the method of time-resolved spectroscopy. Time-resolved spectra can be 
obtained either by time-resolved rapid scan or step-scan, depending on the 
time scale of the phenomena studied. 
(1) Time-resolved Rapid Scan Scheme 
In a time-resolved rapid scan measurement, the moving mirror scans 
forward and backward in a rapid continuous fashion as usual to get 
individual interferograms. These interferograms, if organized in strict 
temporal order, reflect the time evolution of the transient processes. In 
practice, these spectra are Fourier-transformed to yield a 3D spectrum, from 
which both spectral information and temporal information can be obtained 
simultaneously. 
In a time-resolved rapid-scan measurement, the time resolution is equal 
to the time difference between two successively acquired interferograms 
w i th observable signal-to-noise ratio. Since the spectral resolution is 
inversely proportional to the maximum OPD, better spectral resolution 
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means greater 〇PD and thus longer time to complete a given scan. In other 
words, to get a better spectral resolution, the time resolution inevitably falls 
off. Time-resolved rapid scan is thus fundamentally l imited in the time 
resolution achievable, especially when high spectral resolutions are required. 
In practice, only about 100 spectra can be got per second at a spectral 
resolution of about 10cw"'even for the fastest conventional interferometers, 
and time-dependent phenomena can be resolved to only about 10 
milliseconds.^^ 
(2) Step-scan Scheme 
In principle, step-scan FTIR spectroscopy circumvents this dilemma in a 
smart way to guarantee both high time resolutions and high spectral 
resolutions. In a step-scan measurement the moving mirror is translated to a 
fixed position and held there so that the 〇PD remains constant temporarily. 
A reproducible experiment, for example a photophysical process triggered 
by a laser pulse, is then initiated. The signal intensity at that mirror position 
is recorded at equi-spaced time intervals, for example, every 10 nanoseconds. 
The mirror is then stepped to the next position, the same experiment is 
triggered again, and a new set of signal intensities w i th the same time 
interval is recorded. This process of stepping and holding the mirror, 
triggering the event and recording the signal intensities at that mirror 
position is repeated unt i l the mirror goes over every possible position. 
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When the scanning process is completed, a two-dimensional matrix of 
intensity data points is obtained, as shown in Fig.4. Since the movable mirror 
is held at a certain position in the process of data acquisition, the data are 
obviously collected along the time axis. The matrix is then transposed into a 
series of interferograms, each corresponding to a certain time after trigger. 
These interferograms are then successively Fourier-transformed and 
displayed all together as a 3D spectrum, whose three axes represent time 
after trigger, wavenumber and signal intensity, respectively. In other words, 
the data are collected along the time axis but analyzed along the 
wavenumber axis. 
In step-scan experiments the movable mirror could be remained at a 
given position unt i l the required number of repeated experiments are 
recorded and averaged before written to memory so as to improve the 
signal-to-noise ratio effectively. The time resolution is l imited only by the 
temporal response characteristics of the detector and the digitizer as well as 
the amount of available acquisition memory instead of the speed of the 
movable mirror, and it is easy to accommodate time delays or shifts. 
20 
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F. Several Considerations in Step-scan Time-resolved 
Spectroscopy 
The stability of the movable mirror when held at steps is crucial in a 
step-scan time-resolved experiment.20'21 The signal intensity at a given mirror 
position can fluctuate significantly if the mirror is actually vibrating about 
that position instead of well fixed during the measurement. This is especially 
true near the centerburst where the intensity changes very rapidly versus 
OPD. The whole spectrum may be distorted by this artifact, since every data 
point in the corresponding spectrum is influenced by a single point in the 
interferogram through Fourier transform. 
In order to record the dynamics or kinetics of the system under 
investigation, sufficient time resolution in the hardware is a must. In general 
it is not recommended to use more time resolution than necessary because if 
the electronic bandwidth is increased by a factor of x , the noise w i l l 
accordingly increase by a factor ofVx . 
Another important consideration is the compatibility of the data 
acquisition related components, i.e. detector, preamplifier and digitizer. Each 
of them needs to have sufficient speed to meet the requirement of the 
experiment. If any one of these three components is significantly slower than 
the other two, it w i l l be the rate l imit ing step that determines the time 
response of the data acquisition system.22 
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For the fast analog-to-digital converter, or the transient recorder, there is 
a further consideration.^^ A transient recorder converts the incoming analog 
voltage into a digital number. For a digitizer of n bits, there are 2" levels. 
Any input voltage is put into the closest bin, but cannot be stored in between. 
Usually the input range of a PAD board transient recorder can be adjusted 
under software control and it is extremely important to amplify the incoming 
signal such that at the points of maximum signal, which is normally at the 
position of OPD = 0, the signal is as close as possible, but does not exceed 
the input voltage limits. On one hand, if the signal is too large, the signal 
may be clipped by the digitizer and the resulting spectra may be distorted; 
on the other hand, the interferogram may be greatly influenced by electronic 
noise if the signal is too small, particularly in the wings of the interferogram 
where the amplitude decreases rapidly. 
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Chapter 3 Molecular Fluorescence 
A. Transitions Between Electronic States 
Several processes may occur after a molecule is excited to higher 
electronic states, as shown in Fig.5, which is known as the Perrin-Jablonski 
diagram23'24. i n the Perrin-Jablonski diagram, the singlet fundamental 
electronic state is denoted Sq . The other singlet states w i t h higher energy are 
denoted S",, 5*2,... accordingly. In the same way, the triplet states are denoted 
7], 7^2.. respectively. Vibrational levels are associated w i th each electronic 
state. The characteristic times of these processes are listed in the table 
below.23 
Table 1 Characteristic times of several photophysical processes 
Transition Characteristic time (Second) 
Absorpt ion 
Vibrational relaxation 10—丨 2 〜10一1° 
Fluorescence ~ 10"^  
Intersystem crossing 10"'° -10"^ 
Internal conversion 10"''〜10—9 























































































B. Absorption and Vibrational Relaxation 
At room temperature most molecules are in the lowest vibrational state 
of As a molecule absorbs a photon of appropriate energy, it can be 
excited to one of a number of possible vibrational states of its excited 
electronic states S\,S”….For an isolated molecule in the gas phase, the only 
way to lose vibrational energy is to emit a photon from the state to which it 
was excited i n i t i a l l y . ^ ^ However, in solution, thermal relaxation of a 
vibrationally excited molecule can occur wi th in the lifetime of about 
10-12 〜10—1°, transferring excess vibrational energy from the solute molecule 
to other molecules wi th which it collides. This process is known as 
vibrational relaxation.23'26 in fact, this process is so efficient in solution that all 
of the excess vibrational energy of the excited state is lost before any photon 
emission can occur, and therefore photon emission always occur from the 
lowest vibraional level of an excited state. 
C. Internal Conversion and Fluorescence 
Once an excited molecule arrives at the lowest vibrational level of the 
electronically excited singlet state S ,^ it can return to the ground electronic 
state in several ways. If there is an overlap between higher vibrational levels 
of the ground electronic state and the lower vibrational levels of the excited 
electronic state, non-radiative transition between these two electronic states 
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of the same spin multipl icity can occur, followed by vibrational relaxation of 
the ground electronic state. Crossover from an excited electronic state to the 
ground electronic state by this mechanism is known as internal conversion. If 
the lower vibrational levels of the excited electronic state and the higher 
vibrational levels of the ground electronic state are separated by a small gap, 
internal conversion may still occur by a tunneling m e c h a n i s m . ^ ^ 
If the energy separation of the two electronic states is great enough so 
that even tunneling becomes improbable, a radiative transition from the 
lowest vibrational level of the upper electronic state to any one of a number 
of vibrational levels of the lower electronic state w i l l compete wi th the other 
two mechanisms, resulting in emission of visible or ultraviolet light known 
as fluorescence, whose frequency depends on the energy separation of the 
two states related. The molecule then undergoes vibrational relaxation to the 
lowest vibrational level of the ground electronic state as usual. In most 
molecules, efficient internal conversion seldom occurs between states other 
than the ground state and the lowest excited state of the same multipl icity as 
the ground state.26 
D. Intersystem Crossing and Phosphorescence 
In molecules where the lowest excited singlet state and triplet state 
T\ are closely spaced the molecule may also drop into Zj by a non-radiative 
process known as intersystem crossing. The triplet state lies below the 
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excited singlet state because there is less electronic repulsion in any given 
triplet state than in the singlet state of the same electronic configuration. 
Usually there is substantial overlap between the lower vibrational levels of 
the excited singlet state and the upper vibrational levels of the triplet state 
and there is some probability that the triplet state can be populated from the 
excited singlet state. This process involves a change in spin mult ipl icity and 
is thus spin-forbidden in principle, but the spin-orbit coupling can be large 
enough to make it p o s s i b l e . ^ ^ Intersystem crossing is much slower than 
internal conversion but of the proper time scale to compete wi th 
fluorescence. 
The radiative transition from the lowest triplet state to the ground singlet 
state is called phosphorescence, which is much longer lived than 
fluorescence because the process is spin-forbidden. The lifetime can vary 
from the time scale of microsecond to second, depending on the structure of 
the molecule. Because of the long lifetimes, the molecule has a very high 
possibility of losing excess energy by nonradiative routes such as collisional 
deactivation by solvent molecules, quenching by paramagnetic species and 
photochemical reactions. As a result, it is usually diff icult to observe 
phosphorescence in solutions at room temperature. Rather, phosphorescence 
is usually studied in the glass state at l iquid nitrogen temperature/^ in low 
pressure gases, or in very viscous liquids where collision processes cannot 
completely deactivate the triplet state. 
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E. Fluorescence Lifetime and Quantum Yield 
As molecules at ground state are excited by a very short pulse of light, 
e.g., a ultrafast laser pulse, a certain amount of them undergo a series of 
photophysical processes as described above. The molecules excited to the S^  
state return to the ground state Sq either radiatively as fluorescence or 
non-radiatively through internal conversion, or drop into triplet states of 
similar energy through intersystem crossing. If the excitation occurs at time 
t = 0, then the concentration of excited molecules [S^] is described by the 
differential equation^® 
- 亭 = ( 、 + U K ] (2-1) 
where k^  is the radiative rate constant and k^ ^ is the overall non-radiative 
rate constant including the effect of internal conversion and intersystem 
crossing. Therefore, the time evolution of the concentration of excited 
molecules is described by 
[5；] 二 [ 从 ⑷ ' 
, (2.2) 
where 
T = (2.3) 
K+Kr 
is the lifetime of the excited state . 
The intensity of fluorescence at any time after excitation is proportional 




The actual fluorescence intensity measured, of course, is scaled by the overall 
instrument response function. 
According to (2.4), the fluorescence intensity decays exponentially after 
excitation wi th a factor of —. The characteristic time T is known as the 
T 
natural lifetime of fluorescence. On the other hand, the reciprocal of the 
radiative rate constant 
。 = + (2.5) 
K 
is the radiative lifetime which corresponds to the ideal case that all excited 
molecules return to the ground state radiatively. r^ could be estimated from 
absorption and fluorescence spectra using the Strickler-Berg relation29-3i 
丄二2.880xl0-V. (2.6) 、 J V f ^ ^ v 
~ 3 
V 
where n is the refractive index of the solvent, £{v) is the molar extinction 
coefficient, and I(v) is the intensity in the spectrum. The integral goes over 
the whole of the electronic absorption band concerned. 
The fluorescence quantum yield is the fraction of excited molecules 
that return to ground state through emitting fluorescence photons and is 
given by23'28 
= - (2.7) 
K+Kr � 
The fluorescence quantum yield can be experimentally determined by 
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comparing the fluorescence spectrum of the sample wi th that of the standard, 
using the equation8-io'"'3o,3i 
i = (2.8) 
� rsui KAcI^ 
where O ,^ and ①厂对"are the fluorescence quantum yields of the sample 
and the standard, respectively; n and are the refractive indices of 
solvents of the sample and the standard, respectively; S and S^.,^ are the 
integrated intensities of fluorescence, i.e., areas under the fluorescence 
curves, of the sample and the standard, respectively. A and A�.�(, are the 
respective absorbance for the sample and the standard at the wavenumber of 
excitation. 
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Chapter 4 Fourier Transform Spectroscopy of 
Zinc Phthalocyanine and Derivatives 
A. Introduction 
Zinc phthalocyanine (ZnPc) and its derivatives are believed to be 
potential photosensitizers for photodynamic therapy (PDT)i4'32,33, during 
which these molecules are excited to the triplet state via intersystem crossing 
and then transfer the energy to ground state oxygen O2 (^^g) to form 
singlet oxygen Oj .34,35 The highly cytotoxic singlet oxygen produced is 
the essential agent which reacts wi th cellular targets such as cancer cells ,33 
causing photodynamic damage. Attempts at synthesizing various derivatives 
to improve the quantum yields of the production of singlet oxygen as well as 
to lower the absorption frequency have been actively pursued.8-Hi6,i7,30,36 
Systematic study of the photophysical processes of these compounds 
becomes important in examining their potential as drugs form 
photodynamic therapy. In setting up our new FT spectrometer for 
time-resolved studies, we measured the absorption and fluorescence spectra 
of ZnPc and two derivatives, as shown in Fig.6, in dimethylformamide (DMF) 
solution. This study serves as a performance test for our time-resolved 
spectrometer. 
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Table 2 Molecular formulas and molecular weights of ZnPc and two 
derivatives 
Molecular formula Molecular weight 
ZnPc 577.92 
Compound 1 C^^H^^Nfi^^Zn 1387.02 


























































































(1) VERTEX 70 FTIR Spectrometer 
The optical layout of our Bruker VERTEX 70 FTIR spectrometer wi th 
step-scan function was shown in the figure below.^^ There were four ports 
available, for coupling external optical experiments to the spectrometer. Port 
A was an inlet port for connection of a light emission source, while B, C and 
D were outlet ports for parallel optical beams from the interferometer. Other 
parts of the spectrometer included two internal sources, an aperture wheel, 
an optical filter wheel, the interferometer, the sample compartment, control 
electronics, internal detectors and several high efficiency reflecting mirrors. 
The two internal sources, a tungsten lamp and a globar source, covering 
the mid-infrared and NIR-Visible region, respectively, were used for 
absorption experiments. In emission experiments the fluorescence from the 
sample entered the spectrometer through port A. It passed through the 
aperture and the optical filter before sending into the interferometer. The 
beam splitter was chosen according to the spectral range: a broadband 
KBr beam splitter was preferred within mid-infrared or near-infrared region, 
while a quartz VIS beam splitter was suitable for the whole visible and part 
of the near-infrared region. In the overlapping area, the efficiency of neither 
was satisfactory and a CaF^ beam splitter was used instead. 
The interfered beam coming out of the interferometer could leave the 
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spectrometer through B, C, D or be focused into the sample compartment. 
The two internal detectors behind the sample compartment, D1 and D2, were 
employed for different spectral ranges: D1 was a DLATGS detector mainly 
used for detecting mid-infrared and near-infrared light, while D2 was a 
Silicon Diode detector wi th a built-in amplifier suitable for the whole visible 
region. Both detectors worked at room temperature. 
Table 3 Spectral range of different beam splitters available 
Beam splitter Spectral range (cm_�) 
Broadband KBr 400 〜10000 
Quartz VIS^^ 9000 〜25000 
CaF)幻 1200-15000 
Table 4 Specifications of the two internal detectors of our spectrometer 
Operating 
Detector Type Range (cw' ' ) 
temperature 
D137 DLATGS 250-12000 Room temperature 


























































































































































The spectrometer was connected to a PC through a L A N interface. 
Through the software OPUS, the operator can choose various components of 
the spectrometer such as the internal sources, aperture wheel, optical filter 
wheel, detectors, transferring optics to assemble the required optical setup 
easily. 
(2) Excitation Source 
In emission experiments fluorescence emitted by the sample was studied, 
a picosecond pulsed laser diode was utilized as the excitation source. The 
laser head was powered by a PDL-800B laser diode driver (Picoquant, Berlin, 
Germany) and the center wavelength of laser emitted was 660 nm. The ful l 
peak power per pulse was about 200mW and the duration at half peak 
power of a single pulse was less than Ins. For time-resolved fluorescence 
measurements the laser was controlled by a synthesized function generator 
(Stanford Research Systems, DS345) so as to be synchronized wi th other 
apparatus. For emission experiments in which transient information was not 
crucial, the laser was controlled by the internal trigger signal w i th a 
repetition frequency of 80 MHz and used as a CW source. 
(3) Detectors and the Transient recorder 
The two internal detectors were convenient for absorption and general 
emission experiments, but were not fast enough for time-resolved 
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measurements that required time resolution up to a few nanoseconds. In this 
case detectors of fast response became a must. The detectors available 
included a photomultiplier tube (Hamamatsu, R928 wi th Socket C7246-01) 
and a high speed silicon detector (Thorlabs, DETIOA). A fast 12 bit transient 
recorder w i th a installed memory of up to 256 MSample, A /D converter 
board for PCI bus (MI3025, Spectrum Systementwicklung Microelectronic 
GMBH, Germany) collected data in time-resolved experiments w i th a 
maximum sampling rate of 200 MS/s. 
(4) Samples and Sample Cells 
Al l solutions for time-resloved experiments were measured at room 
temperature in a quartz cuvette wi th PTFE stopper (Aldrich, 
Z27666912.5wmxl2.5wwx48ww ), whose four walls were all transparent. 
Sample solutions were deaerated by bubbling pure dry nitrogen through the 
solution for about 20-30 min, as suggested by r e f e r e n c e s / ' 巧 ' 1 7 , 2 7 since the 
compounds under study suffered from photobleaching in solutions at the 
existence of oxygen. In absorption experiments, solutions were contained in 
a standard 1 cm quartz cuvette wi th two transparent walls. The samples 
used in all measurements were synthesized by Professor Dennis K. P. Ng's 
group. 
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C. Experimental Setup 
(1) Absorption Experiments 
In absorption experiments measurements were carried out following 
standard procedures: First a background spectrum /。(v) was recorded wi th 
pure solvent in the cuvette fixed in the center of the sample compartment of 
the FTIR spectrometer where the size of probe beam was minimized, then 
the solvent was replaced by the sample solution and a second spectrum I{v) 
was recorded. The whole process was controlled through the software OPUS 
with the "Advanced Measurement" function and several parameters could be 
adjusted as necessary. The resultant spectrum was automatically computed 
and displayed in the spectrum window of OPUS either as transmittance 
spectrum ； o r as absorbance spectrum log ) ( … ) ) . A schematic optical 
diagram was shown in Fig.8. The internal sources were preferred because of 
their stability in energy, which was important since two successive 







































(2) Emission Experiments 
A typical setup for emission experiments was shown in Fig.9. The 
sample was irradiated by a focused excitation beam from the laser head 
which fired freely wi th a repetition frequency of 80MHz and was taken as a 
cw source. The light emitted by the sample (mainly fluorescence) was 
coupled into the FTIR spectrometer through a telescope system consisting of 
two lenses of proper focus lengths. The signal intensity registered at internal 
detectors was transmitted to the PC through a standard cable. 
In time-resolved emission experiments, the laser was triggered by a 
function generator and fired at a repetition frequency of 200Hz and 60% to 
80% of the ful l power, as shown in Fig.lO. The signal was recorded by the 
photomultiplier tube described in the previous section and transmitted to 
the PC through the MI3025 PAD board, which was synchronized wi th the 
laser by the same function generator. The data acquisition process was 
controlled by OPUS through the "Time Resolved Step-Scan" function. 
Parameters such as time resolution, spectral resolution, and coaddition times 
could be adjusted in the software before the data acquisition was started. The 
























































































































































































D. Results and Discussion 
(1) Absorption and Fluorescence Spectra 
The absorption and fluorescence spectra of the three compounds 
dissolved in DMF are shown in Fig.l 1. The intense bands around 14800cw"^ 
were usually labeled as Q bands, which resulted from the n - n transition 
between the H O M O and LUMO orbitals of these molecules and was the 
strongest band for metallophthalocyanines wi th in the UV-vis region.^ 2,38 
These compounds also showed another strong band, namely the Soret band, 
at about 30000cw"*, which was not observed since it's beyond the spectral 
coverage of our spectrometer. 
(i) The Stokes Shifts 
The fluorescence spectra were at higher wavelengths than the absorption 
spectra due to the energy loss in the excited state by vibrational relaxation. In 
general, the differences between vibrational levels in ground electronic state 
resembled those in the excited electronic states, so that the fluorescence 
spectraum often appeared as the "mirror image" of the corresponding 
absorption spectrum.^^ The gap between the maximum of the fluorescence 
and the corresponding absorption band was called the Stokes shift. The 
locations of maxima as well as Stokes shift for each spectrum were 
summarized in the table below. It was observed from the spectra that the 
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absorption maxima of the Q bands shifted down in frequency wi th 
increasing molecular weight. Since the derivate compounds possess 
substituent groups that are involved in the conjugation, the n - n transition 
frequency is expected to decrease w i th greater conjugation.^^ 
Table 5 Stokes shifts of ZnPc and two derivatives 
Compound ；;= (cm-') v L (cm—') Av (cm' ') 
ZnPc 14942 14788 154 
Compound 1 14861 14597 264 





























































































































































































(ii) The Aggregation Tendency 
The absorption spectra of the three compounds in DMF solution showed 
split Q bands, suggesting that these compounds were somewhat aggregated 
in DMF solution.8'13 Aggregation of metallophthalocyanines were usually 
depicted as a coplanar association of rings, e.g., monomer, dimmer, and 
higher order complexes.^ The degree of aggregation could be examined 
qualitatively by comparing absorption spectra of solutions of different 
concentrations, as plotted in Fig.l2. The Beer-Lambert law was obeyed in 
concentrations ranging from l/uM to 10//M for ZnPc and Compound 1. The 
absorbance increased proportionally to the concentration and no new band 
was observed. Compound 1 didn't show any deviation from Beer-Lambert 
law unt i l the concentration increased to 8 jj.M. In solutions of Compound 2, 
however, the shape of the Q band changed dramatically as the concentration 
increased and the deviation from Beer-Lambert law was very obvious. These 
results impl ied that ZnPc and Compound 1 were essentially monomeric in 
DMF solutions at concentrations up to , while Compound 2 showed 
unambiguous signals of aggregation even at lower concentrations. This 
tendency can be ascribed to the effect of substitution. For the two derivatives, 
the substitution group may increase the interaction between solute 
molecules and enhance the tendency of aggregation. However, on the other 
hand, the coplanar association may be interrupted due to the lower 
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symmetry resulted from substitution. For compound 1, these two 
determinant factors compete wi th each other, since the symmetry changes 
from the D4h of ZnPc to C2v after substitution. It seems that the breaking of 
symmetry becomes dominant in determining the tendency of aggregation. 
For compound 2, the symmetry is still D4h, but the bulky substituents make 















































































































































































































































































































































(2) Fluorescence Lifetimes and Quantum Yields 
Radiative fluorescence lifetime and fluorescence quantum yield 
O/, of the three compounds in DMF solution could be estimated by uti l izing 
Strickier-Berg equation and comparative method, respectively. ZnPc in 
DMS〇 (①尸=0.18 8,9) was taken as standard. With the relationship 
O = ~^~~ = — we gave a further estimation of the natural fluorescence 
“K+Kr ^r 
lifetime. The results are listed in Table 6. To prove the reliability of our 
system, parameters of the standard solution were also calculated and 
compared wi th those obtained by the same method from various literatures. 
The spectra of I fdM solutions were applied in our calculation to reduce the 
influence of aggregation. As listed in Table 7, the lifetimes obtained from this 
work compared favorably with the documented values. 
It was seen that the two derivatives did not significantly change the 
fluorescence lifetime and quantum yield. It should be noted that the 
accuracy of Strickler-Berg equation was different from case to case^^  and 
possibly only yielded a correct order of magnitude. Due to the low 
concentrations of solutions and thus small amounts of samples as solutes, 
the error introduced by weighing wi th electronic balances could be up to 
10%. Other possible sources of uncertainty in concentration included 
temperature, purity of samples and dilution. The accuracy of frequency of 
the spectrometer could also lead to some error in calculated radiative 
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fluorescence lifetime since the Strickler-Berg equation was 
frequency-dependent. The spectral responsivity of detectors, i.e., the 
responsivity versus frequency of incident light, could be very different for 
detectors of various types. This discrepancy was trivial in absorption 
experiments since it was the ratio of intensities of two beams that ultimately 
yielded the absorbance; however, it might cause distortion of the resultant 
fluorescence spectra and a calibration should be carried out if possible/ The 
accuracy of fluorescence quantum yields could be influenced by the 
uncertainty in concentrations of solutions, as well as the accuracy of 
quantum yield of the standard. The standard we employed was the solution 
of unsubstituted ZnPc in DMSO, which was also employed in other 
studies.5'8-10'16,31 Some photophysical parameters of this standard solution, 
including the fluorescence quantum yield, was somewhat inconsistent in 
these references. The value O,, = 0.18 was cited from the latest reference and 
an uncertainty of 20% was possible. 
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Table 6 Photophysical parameters of ZnPc and derivatives in DMF solutions 
Compound n of solvent ①" (ns) r (ns) 
ZnPc 1.430539 0.14 6.2 0.9 
Compound 1 1.4305 0.22 7.1 1.6 
Compound 2 1.4305 0.17 5.7 1.0 
Table 7 Photophysical parameters of ZnPc in DMSO f rom several references 
and our experiments 
10-5、狀（似-1.歸广）义=(nm) A L ( n m ) A1 (nm) O,. r “ n s ) r (ns) 
2.75 669 682 13 0.32 - -
1.49 672 682 10 0.18 6.8 1.2 
1.631 673 686 13 0.20 6.8 1.4 
2.410 672 - - 0.20 - -
2.416 672 679 7 0.20±0.03 - -
2.5a 673 680 7 0.188 5.8 1.0 
a The parameters listed in the last row were obtained in our experiments 
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(3) Time-resolved Fluorescence Spectra 
With step-scan function, fluorescence spectra that evolve in time were 
recorded, so that both spectral and temporal characteristics of fluorescence 
could be examined simultaneously. A l l spectra were recorded wi th a spetral 
resolution of 128cw"' and a time resolution of 5ns, which is the l imit of our 
MI3025 PAD board. Three typical spectra were shown in Fig.13. In all cases 
fluorescence signal reached its maximum and decayed rapidly wi th in a few 
nanoseconds. The signal-to-noise ratios varied because of different 
coadditions and different fluorescence quantum yields of each compound. 
The decay curves of fluorescence at different wavenumber were extracted 
from the 3D spectra in OPUS so that the natural fluorescence lifetimes could 
be determined by curve fitting. Fig.14 showed fluorescence decay curves of 
each compound in DMF solution at the wavenumber where the fluorescence 
was most intense. These results were summarized in the table below in 
comparison w i th those listed in the previous section. It is seen that the 
agreement between two experiments was very poor. 
Table 8 Summary of parameters determined by different methods 
Compound ①广 ^.(ns) r (ns) rexp(ns) 
ZnPc 0.14 6.2 0.9 9.8 土 0.3 
Compound 1 0.22 7.1 1.6 9.9±0.3 




































































































































































































































































































































































































































































































































The discrepancies between lifetimes determined by time-resolved 
experiments and those calculated wi th Strickler-Berg relation, as well as the 
similarity among values of r^ p^ of different species, suggested the existence 
of certain restrictions in time resolution in our time-resolved experiments. 
A n investigation was therefore carried out. As we discuss below, the most 
possible source of restriction was the photomultiplier tube (Hamamatsu, 
R928 w i th Socket C7246-01) used in the measurement. Since this assembly 
was originally used for high resolution studies, the C7246-01 socket had a 
built- in 20 kHz preamplifier whose rise time fell in the region of 
microseconds. Al though the photomultiplier tube wi th a rise time of 2.2 ns 
should be fast enough for the MI3025 PAD Board, problems could arise from 
the socket. Wi th the preamplifier on, only microsecond signals were 
observed. To reduce the influence of this slow preamplifier, its independent 
power supply was turned off during time-resolved experiments, and only 
the high voltage power supply for R928 was kept on. However, the influence 
of the bui l t- in circuit of the preamplifier was still unclear so that it was 
impossible to carry out deconvolutions of the instrument response function 
to yield more accurate fluorescence lifetimes. 
Further experiments had been carried out to support this explanation. 
Instead of fluorescence, the time-resolved power decay in each pulse of the 
660 nm laser was measured using the FTIR spectrometer equipped wi th 
either the photomultiplier tube or a high speed silicon detector (Thorlabs, 
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DETIOA) w i th a rise time of 1 ns. The resultant apparent laser decay lifetime 
were summarized in Table 9. Using the photomultiplier tube, the transient 
profile gave a laser decay lifetime of about 10 ns, approximately the same as 
the values obtained in other time-resolved experiments for ZnPc and 
derivatives, which is much longer than the factory tested results. Using the 
high speed silicon detector, however, a laser decay lifetime of about 3.4 ns 
was obtained. This value, reached the l imit of time resolution (5 ns) of our 
spectrometer. In other words, when the photomultiplier tube was used, it 
became the slowest component l imit ing the time resolution. 
The laser pulse decay time r,隱 obtained in these experiments also 
reflected the l imit of the practical time resolution of our system: w i th the 
photomultipl ier tube the lifetime of the process examined should be no less 
than 10 ns, and when a detector fast enough was employed, i.e., the transient 
recorder became the rate-limiting factor, the l imit was about 4 ns. 
According to the results from absorption and emission discussed earlier, 
it seems that the real values of fluorescence natural lifetimes of our sample 
compounds are around a few nanoseconds. The oxygen remaining in the 
solutions could quench the fluorescence and thus further shortened the 
lifetime29 so that it was more diff icult to determine the fluorescence lifetime 
by our spectrometer. 
In summary, the fluorescence process of the three compounds we 
studied was too fast for our current experimental instruments so what we 
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got was the convolution of fluorescence decay curve and the instrument 
response function. According to the l imit we estimated, transient events wi th 
a lifetime of 10 ns or so may be resolved without suffering from serious 
distortion. On the other hand, if the response function of the transient 
recorder could be determined, better time resolution may be achieved by the 
method of deconvolution. 
Table 9 Comparison of f itt ing results 
Compound Solvent detector T^^^ (ns) 
ZnPc DMF PMT R928 9.8±0.3 
ZnPc DMSO PMT R928 10.0±0.5 
Fluorescence 
Compound 1 DMF PMT R928 9.9±0.3 
Compound 2 DMF PMT R928 9.4±0.4 
Laser power - PMT R928 9.5±0.3 
decay - DETIOA 3.4±0.1 
E. Some Experimental Details 
(1) Choice of Windows for Regular Tests of the Instrument 
Performance 
The performance of the FTIR spectrometer should be checked regularly 
w i th the test programs, namely OQ and PQ tests. Measurements were 
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carried out by the programs automatically to test parameters such as the 
resolution, sensitivity, energy distribution, wavenumber accuracy, 
absorbance accuracy, alignment, and so on. During these tests, several 
characteristic absorption lines of C(\ and water vapor were taken as 
standard, including those below lOOOcw"'. CaF^ windows cut off at about 
1200cw"' and thus hindered the measurements. KBr windows, which cut off 
at about 400cw"', were suitable for this purpose and should be used instead. 
(2) Configurations of the Transient Recorder in OPUS 
Due to the confliction between the version of OPUS and that of the PAD 
board driver, special steps should be followed when the OPUS software or 
the PAD board was reinstalled. First, the file pad.dll in the OPUS main 
directory must be replaced by the updated one provided by Bruker Optics, 
or it would cause serious distortion of spectra when applying the step-scan 
function. Then a new entry in OPUS "Measurement" — "Optic Setup and 
Service" "Devices/Options" "Transient Recorder" should be created to 
load the correct transient recorder, or no device would be available in the 
"Time-Resolved Step-Scan" dialog when carrying out step-scan measurements. 
(3) Configurations of Detectors in OPUS 
The Si-Diode detector inside the FTIR spectrometer had a built-in 
preamplifier whose gain could be adjusted in OPUS by choosing 
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"Measurement" — "Advanced Measurement" "Optics" "Pream gain". This 
parameter became invalid but still adjustable when detectors other than the 
inside Si-Diode were chosen in OPUS. This invalidation without any notice 
caused problems in a special case. Occasionally it was necessary to further 
amplify the signals from this inside Si-Diode detector wi th an external 
preamplifier, and then the output signals from the external preamplifier 
were sent back to the spectrometer through an ADC box. In this case, it was 
the "Classic Style Chi [External]" instead of "Si-Diode" that is chosen in OPUS, 
and the "Pream gain" parameter already became invalid. To adjust the gain of 
the built-in preamplifer, we should convert to the "Si-Diode" choice first and 
adjust the gain, then select the "Check Signal" label on top of the dialog to 
make the choices effective, and then come back to the "Optics" page to 
convert to the "Classic Style Chi [External]". 
(4) The Standard Method of Extracting Time Slices 
Time-resolved spectra obtained by step-scan were displayed as 3D plots 
in OPUS. To extract time slices corresponding to a certain wavenumber, e.g., 
the decay curve of fluorescence at the maximum, from the 3D plot, first the 
wanted part containing the wavenumber we were interested in should be 
extracted by right clicking on the display window, choosing "Extract Spectra" 
—"Extraction Mode" "New 3D file". The extraction range could also be 
specified there. This new 3D file should be then loaded into OPUS for further 
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processing. To pick up the wanted time slice, one should choose "Evaluate" 
-*• "Integration" "Setup Method", highlight the method P , set the specific 
wavenumber to be examined, store the method, and then execute the 
integration operation. The time slices corresponding to that wavenumber 
were then obtained by choosing "Extract Traces" — "Extraction Mode" 
"First block only". 
An interesting fact was that we were able to clone the original 3D plot in 
the first step by setting an extraction range from the first block to the last 
block, and then went through the remaining processes without any problem. 
But it was impossible to execute the integration if we tried to skip the first 
step and use the original file directly. 
(5) Parameters that Easily Cause Problems 
When the dialog for a new measurement was activated in OPUS, the 
software loaded all of the matched parameters of the last measurement 
automatically, even if the two measurements were not of the same working 
mode. This function easily caused problems when we converted the working 
mode from rapid scan to step-scan or reversely. There were two parameters 
shared by both working modes which should be changed when we 
converted from one working mode to another: "signed gain", which could be 
found by choosing "Measurement" — "Advanced measurement" — "Optics" in 
• rapid scan mode and "Measurement" — "Time Resolved Step-Scan" "Optics" 
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in step-scan mode, as well as the parameter "phase correction mode", which 
appeared if selecting "Measurement" — "Advanced measurement" "FT� and 
"Measurement" "Time Resolved Step-Scan" — "FT' in corresponding 
working modes, respectively. 
In step-scan mode the "signal gain" should never be set as "Automatic" 
and the "phase correction mode" should never be "Mertz" or "Power Spectrum", 
or a serious error would occur right after the data acquisition. A convenient 
choice of "phase correction mode" was "Mertz/No Peak Search". 
In rapid scan mode, however, the choice of "MertzINo Peak Search" 
leaded to serious distortion of the resultant spectra and other methods 
should be selected. 
(6) Elimination of Background Noises 
As a standard component, a 632nm He-Ne laser was used to control the 
sampling process in our FTIR spectrometer. This controlling laser, passing 
through the interferometer and generating several beams by reflection from 
surfaces of optics, unfortunately became a trouble in our measurements. 
Although the carefully designed alignment of optical components prevented 
most beams from reaching the detector, the noise generated by the 
remaining part was still strong enough to flood the signals in most of our 
emission experiments. This strong background noise could be eliminated by 
setting a He-Ne laser notch filter properly in the sample compartment. 
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In many of our emission experiments, the signals were so weak that the 
gain of the built- in preamplifier of the Si-Diode detector was set as the 
maximum. In these cases, there was spectrum-like noise which mainly 
existed wi th in the spectral region between 9000cw"* and ISOOOcw"'. In the 
worst case, this background noise was about the same order of magnitude as 
the signal, but it was usually stable enough to be completely eliminated from 
the resultant spectra by subtraction. A better method to deal w i th this 
background noise was to block a specific part of the incident beam so that 
the noise was effectively reduced while the signal only decreased slightly. 
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Chapter 5 Concluding Remarks 
In this study, the absorption and fluorescence spectra of zinc 
phthalocyanine and its derivatives in DMF solution were studied using FT 
spectroscopy to estimate the radiative fluorescence lifetime r^ and 
fluorescence quantum yield 厂 by Strickler-Berg relation and comparative 
method. The time evolution of the fluorescence of these compounds was also 
studied using step-scan spectroscopy to obtain directly the fluorescence 
lifetime. The discrepancy between these two sets was ascribed to the fact that 
the time resolution achieved by the FT spectrometer was too slow for the 
fluorescence decay. The results yielded reflected the l imit of the experimental 
system. While accurate lifetime data were not obtained, this work sets the 
l imit of the fluorescence lifetime of a few nanoseconds. A possible alternative 
is to study the phosphorescence process, which is much slower. 
Phosphorescence of zinc phthalocyanine and some derivatives has been 
studied by several a u t h o r s , 3 6 generally wi th laser flash photolysis 
systems. According to their results, the typical lifetime of phosphorescence 
of these compounds are several hundred microseconds, which can be 
resolved by our system. The problem is that the phosphorescence is still 
much weaker than fluorescence and more diff icult to be detected at room 
temperature. For several derivatives of ZnPc in some solvents, the 
phosphorescence associated wi th the Soret band falls in the spectral region of 
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our spectrometer^'^'" but is very near the edge where the efficiency of the 
beamsplitter is very low, and a new excitation source is needed. Another 
choice is to detect the phosphorescence associated wi th Q bands, which is at 
about 9000cw"' but a photomultiplier tube in this region is necessary. To 
enhance the phosphorescence, experiments could be performed at low 
temperatures, e.g., at the temperature of l iquid nitrogen?, and other 
apparatus may be required for this purpose. 
Our step-scan FT spectrometer is suited for kinetic studies of other 
molecular systems wi th several conditions. The light detected should be in 
the spectral region of our spectrometer, i.e., between 400cw"^ and 
25000cm"', and not too close to the edges or the frequency of He-Ne laser. 
The lifetime of the process should be longer than 10ns so that it isn't 
seriously affected by the response l imit of our instruments. Detectors should 
be carefully selected so that the response of the whole system is fast enough 
and the signals are of proper intensity. 
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